Background. Atypical haemolytic uraemic syndrome (aHUS) is a rare, life-threatening disorder for which eculizumab is the only approved treatment. Life-long treatment is indicated; however, eculizumab discontinuation has been reported.
Introduction
Atypical haemolytic uraemic syndrome (aHUS) is a rare, lifethreatening disorder caused, in the majority of cases, by uncontrolled complement activation [1] . This results in endothelial injury and platelet activation presenting as thrombotic microangiopathy (TMA), ischaemia and systemic end organ involvement [1] [2] [3] . Manifestation of disease requires an inherent predisposition, i.e. a genetically determined or acquired dysfunction in complement regulation, and a condition or event that initiates complement amplification, such as bacterial or viral infections, drugs, associated diseases, transplantation and, in women, pregnancy [1, 3] . The clinical course of aHUS can be both acute and severe, or almost subclinical and progressive. Historically, up to 67% of patients died or had end-stage renal disease (ESRD) within 3 years of diagnosis [4] .
A paradigm shift in the management of aHUS has occurred with the availability of eculizumab, a monoclonal antibody that specifically binds to the terminal complement protein C5. Eculizumab blocks cleavage of C5-C5a (a potent anaphylatoxin) and C5b, inhibiting progression of the terminal complement pathway to the membrane attack complex, but leaving proximal complement functions intact. Eculizumab is currently the only approved treatment for aHUS [5] .
Prospective clinical trials in patients with aHUS have shown that eculizumab is well tolerated and effective in both adult and paediatric patients with native or transplanted kidneys, whether or not a complement mutation has been identified [6, 7] . aHUS is a chronic disease, yet TMA manifestations are unpredictable and can lead to irreversible and potentially life-threatening complications. Therefore, life-long treatment with eculizumab is specified for patients with aHUS unless discontinuation is clinically indicated [8] . The dosing regimen in patients with aHUS was developed to maintain sufficient trough levels of eculizumab to sustain blockade of C5 between doses, including during potential periods of increased complement activation [7] .
Despite our pathophysiologic understanding of aHUS and the label recommendation, reports of patients discontinuing eculizumab have been published. Among the justifications given are the wish to protect patients from potentially serious meningococcal infections, the risk of which is increased due to impaired complement-mediated lysis of Neisseriae [9, 10] . The prevention of other, rare, adverse events, such as immunemediated drug reactions, and patient request have also been cited [11] . As with any life-long treatment, economic considerations exist and these have been discussed elsewhere [12] . Patients may also request to either continue or discontinue therapy and seek evidence to inform this decision.
This report will focus on available data for the medical evaluation of eculizumab discontinuation and TMA risk. Current evidence regarding discontinuation has been collated from case reports, clinical trials and the global aHUS Registry, and is discussed in light of the clinical experience of the authors.
Materials and methods
Patients with aHUS who discontinued eculizumab treatment were identified from three sources.
Identification of case studies of patients with aHUS who discontinued eculizumab
The authors analyzed their own cases of patients who had received eculizumab and subsequently discontinued treatment.
In addition, a literature search was performed up to and including June 2015. The search used PubMed, and was limited to case reports or case series in English, using the terms 'atypical haemolytic uraemic syndrome' and 'eculizumab'. Both USA and UK spellings were used. Results were manually assessed for patient cases where treatment was discontinued after one or more doses of eculizumab.
Data from prospective and retrospective clinical trials including long-term follow-up studies
Patients who discontinued eculizumab while enrolled in any one of five eculizumab clinical trials, including long-term extensions, are reported [6, 7, 13, 14] . The safety and efficacy of eculizumab in patients with aHUS has been evaluated in four prospective, single-arm studies and one retrospective study. Study C08-003A/B, a prospective, open-label, single-arm study of 26 weeks (with a long-term extension), enrolled 20 adult and adolescent patients with long disease duration and chronic kidney injury undergoing prolonged plasma exchange/infusion at baseline [6] . Study C08-002A/B, a prospective, open-label, singlearm study of 26 weeks (with a long-term extension) in 17 adult and adolescent patients with clinical evidence of progressing TMA [6] . Two further prospective trials in adults (C10-004) and paediatric (C10-003) patients enrolled 41 and 22 patients with aHUS and signs of TMA, respectively [7, 14] . Study C09-001r was a retrospective, observational, non-interventional study of 30 adult/paediatric patients with aHUS treated with eculizumab [7] . In total, 130 patients with aHUS have enrolled in clinical studies. Patients who participated in any these studies are also eligible to enrol in a long-term follow-up (LTFU) study assessing the safety of eculizumab over up to 5 years.
The global aHUS Registry
The global aHUS Registry was initiated to record information on the natural history of patients with aHUS irrespective of treatment, prospectively collect safety and effectiveness data on patients treated with eculizumab, and provide LTFU on aHUS treatment with eculizumab. All patients clinically diagnosed with aHUS are eligible and data are collected at enrolment and every 6 months thereafter for a minimum of 5 years. The current analysis includes 296 patients receiving eculizumab enrolled in the Registry as of 29 August 2014 [15] . Further details on the global aHUS Registry methodology have recently been published [16] .
Results

Authors' case reports
Unpublished cases of six patients from the authors' clinics are summarized in Table 1 . Overall, eculizumab treatment duration ranged from 1 to 14 months. Following discontinuation, four patients had a subsequent TMA event between 2 and 12 months later and immediately restarted eculizumab treatment. Of these, two had no identified mutation, one had a C3 and the other a membrane cofactor protein (MCP) mutation. The clinical manifestation of TMA followed infection or vaccination in three of the four cases.
Published case reports
As of June 2015, case reports describing 52 patients who discontinued eculizumab after multiple doses, and 5 who received a single eculizumab dose were available [11, (Table 2A and B, respectively). After discontinuation, within the limited follow-up reported, TMA manifestations were reported in 16 of 52 (31%) patients receiving multiple doses, and four of five (80%) receiving a single dose of eculizumab.
The reported reasons for discontinuation and subsequent causes of TMA following discontinuation are varied. Table 2A shows that three patients requested to stop treatment (two with an identified mutation and one not tested), one patient discontinued due to an infection and another due to progression to ESRD after eculizumab was initiated in late-stage disease. Infection led to TMA in both cases in which a cause was reported.
Most cases reporting a single eculizumab dose were reported in 2009 and 2010, prior to approval for the treatment of aHUS and before evidence from clinical trials of the safety and efficacy of long-term eculizumab treatment was widely available. Among these cases, the primary reason for discontinuation appears to be the substantial improvement in symptoms (Table 2B) .
Ardissino et al. describe a case series of 22 patients with aHUS receiving eculizumab who were given the option to discontinue eculizumab after resolution of TMA symptoms [11] . Following explanation of the risk of new TMA manifestations, 12 patients decided to continue treatment [10 of whom had a complement factor H (CFH) mutation]. Ten patients discontinued eculizumab after a median treatment duration of 5.6 (range 0.4-14.2) months. A recent follow-up included a further six patients who had discontinued eculizumab [17] . Patients had no signs of active TMA at the time of discontinuation. Follow-up ranged from 0.4 to 40 months and 5/16 patients (31%) experienced new TMA manifestations. Eculizumab was reintroduced in all five patients, with renal function returning to prediscontinuation levels [17] . One patient also restarted eculizumab pre-emptively prior to kidney transplant [11] .
A review of the use of eculizumab in England included a description of 14 patients in whom eculizumab was withdrawn [34] , in one case due to the diagnosis of typical HUS. Of the 13 patients with aHUS, three (23%) had evidence of recurrent TMA. Five patients were discontinued after 4 months of dialysis without apparent improvement in renal function, two of whom restarted eculizumab within 10 weeks due to significant haemolysis, which subsequently recovered. Of these, one patient carried a CFH/CFHR1 hybrid mutation; in the other, no mutation was identified. Of two patients with MCP mutations who discontinued eculizumab, one had a new TMA manifestation after 36 weeks leading to the reinitiation of eculizumab and recovery of renal function. Dose modification has also been reported in three cases, two in which the dosing interval was extended and one in which the dose was reduced. Subsequent evidence of TMA was reported in all three patients, after intervals of 6 days, 10 days and 5 months, and included schistocytes, elevated lactate dehydrogenase or renal function deterioration [41] [42] [43] . After restarting eculizumab according to the approved dosing regimen, these parameters normalized.
Data from clinical trials and the global aHUS Registry
Initial and long-term outcomes from prospective studies have been reported elsewhere [6, 7, 13, 14] . Of interest here, 61 patients (including 21 paediatric patients) discontinued eculizumab treatment over the five clinical trials (N ¼ 130), including extension studies and the LTFU. Selected demographics and disease characteristics of these 61 patients are described in Table 3 . During a median follow-up period of 24 weeks after discontinuation, 12/61 patients (20%) experienced 15 severe TMA complications and 9 of these 12 patients restarted eculizumab (Table  4A ). The median time to a TMA complication after discontinuation was 13 (range 4-127) weeks. Among patients who discontinued treatment, characteristics were similar between patients with and without TMA complications, except for a possibly higher proportion with a CFH mutation in the group experiencing TMA complications. None of the patients with new TMA events was on dialysis at the time of discontinuation. Following discontinuation, three patients with new TMA progressed to ESRD, one of whom required dialysis despite reinitiation of eculizumab. An additional two patients who received reduced eculizumab dosing experienced subsequent new TMA complications, resulting in ESRD in one patient (Table 4B) .
Rates of eculizumab discontinuation and reinitiation have also been reported for 296 patients receiving eculizumab in the global aHUS Registry (data cut-off 29 August 2014). In patients aged <18 years, 28 (24%) discontinued, of whom 7 (25%) restarted eculizumab treatment. For adult patients, 48 (27%) discontinued and 5 (10%) subsequently restarted [15] .
Discussion
Eculizumab, a first-in-class complement C5 inhibitor allowing specific blockade of terminal complement activation, is a welltolerated and effective treatment for patients with aHUS. Moreover, the option of a pharmacologic intervention has drawn substantial scientific and clinical interest to the field, profoundly improving our understanding of the pathophysiology and clinical management of aHUS. Despite the understanding of a life-long inherent risk of unpredictable disease manifestations, which may be avoided by regulation of complement activation, patients may discontinue eculizumab therapy. The incidence, motivation and outcome of drug discontinuation are largely unknown or unreported. The present paper provides the most comprehensive review available to date, comprising not only the authors' personal experience and published cases, but also data from all clinical trials and the global aHUS Registry.
From the original clinical trials starting in 2008, 47% of patients had discontinued treatment by 2015. This includes patients who initiated eculizumab prior to availability of any trial data guidance on dosing and who in some cases only received a single dose; current evidence would not support the use of a single dose of eculizumab to treat aHUS. A more recent analysis of the aHUS Registry reveals a discontinuation rate of 26%. Among the trial population, 20% of patients experienced new TMA manifestations following discontinuation of eculizumab and organ losses were reported in 5% of cases (3/61 patients), in one case despite reinitiation of eculizumab. In the largest published case series [11, 17] , 31% of patients who stopped eculizumab treatment experienced TMA manifestations after discontinuation. The variation reported here in TMA after eculizumab discontinuation likely represents differences in patient characteristics between those reported in case studies, treated in a clinical trial and enrolled in a patient registry.
When reported, the reasons for treatment discontinuation include both medical and economic concerns as well as patient request. These factors need to be weighed against the associated risk of treatment discontinuation. For adequate judgement, the availability of proper risk stratification and valid monitoring strategies are crucial. A number of factors potentially affecting associated risk of disease progression have been discussed, these include the underlying genetic disorder, age at first manifestation, previous TMA manifestations, prevalence of (18) 14 ( 3 (25) 13 (27) 16 (26) eGFR, estimated glomerular filtration rate; TMA, thrombotic microangiopathy.
extrarenal manifestations, post-transplant setting and pregnancy-associated disease. Some reports suggest a potential relationship between the type of complement mutation identified and the risk of subsequent clinical manifestations of TMA. Patients with CFH mutations appear to be at higher risk [11] , although the exon in which the mutation is located may play a pivotal role [31] . It has also previously been demonstrated that patients with CFH or thrombomodulin mutations had the earliest onset of aHUS and the highest mortality, whereas MCP mutations were associated with the least severe outcomes [4] . However, it has been reported that patients without identified mutations have similarly poor outcomes to patients with identified mutations, thereby suggesting that the risk of new TMA manifestations in these groups is comparable [44] . Also, we report three patients with MCP mutations (Tables 1 and 2 ) who experienced a new TMA event following eculizumab discontinuation, indicating the risk in such patients. TMA manifestations have been described in patients of all ages. A previous TMA manifestation may identify patients with Recommended dosing for adult patients with atypical haemolytic uraemic syndrome is 900 mg weekly for the first 4 weeks, followed by 1200 mg for the fifth dose 1 week later, then 1200 mg every 2 weeks thereafter. CF, complement factor; ESRD, end-stage renal disease; KTx, kidney transplant; MCP, membrane cofactor protein; PE, plasma exchange; TMA, thrombotic microangiopathy.
a high susceptibility to complement-activating conditions, and current clinical understanding would advocate not to discontinue treatment of a patient who has already had a lifethreatening TMA manifestation. Children represent a high-risk group, in that common events leading to complement activation (i.e. infections or vaccinations) are frequent in this age group. Recent paediatric guidelines state that withdrawal should not be considered in children with life-threatening symptoms upon presentation or those not fully having recovered renal function [45] .
The risk of TMA manifestation increases in some conditions, such as organ transplantation. In contrast to aHUS patients with native kidneys, a post-transplant setting incurs a number of additional potential TMA risk factors, including the allograft endothelium, immunosuppressants and related infections. Also, with the reduced nephron mass of a single transplanted kidney, recovery from a TMA manifestation is more modest than in patients with native kidneys [46] [47] [48] . Another example is pregnancy, with the risk of a TMA manifestation in aHUS increasing dramatically after parturition and loss of local complement regulation [49] . Despite often being stated, avoiding further pregnancy does not limit the risk of further clinical TMA manifestation. This is illustrated by Case 6, which reports pregnancy-associated aHUS manifesting again after transplantation in response to common complement-amplifying conditions (Table 1) .
Current evidence suggests that new TMA risk following discontinuation is unpredictable [50] . Since defective complement regulation in aHUS results in continuous overactivation of the alternative complement pathway [4, 51, 52] , reliable biomarkers of overall complement activity and disease progression are essential. A simple haemolytic assay with patient serum and sheep erythrocytes has been described for assessing complement activation. However, this assay only appeared sensitive in patients with CFH-related aHUS [53, 54] , and only measures complement activation in serum and not at the endothelial cell surface. Measurement of complement proteins in plasma is of limited value: in patients with genetic mutations in CFH, MCP, CFI and thrombomodulin or with anti-CFH antibodies, reduced C3 levels have been found in only 30-50% of cases [4] . A recent study demonstrated the proportion of patients with increased levels of C5a and sC5b9 in plasma were similar during subclinical disease (58% and 64% of patients, respectively) and active disease (47% and 53% of patients, respectively) [55] . In contrast, the same study found that C5b9 deposits from patients' sera on an in vitro cultured human cell line showed good correlation to disease activity [55] . Despite measuring complement activity at the site of injury (i.e. the endothelial level), and for the first time showing a correlation to clinical disease activity, this cell-based assay is limited by availability and is not routinely clinically applicable. Currently, functional tests of complement activity and measurement of complement proteins does not provide unequivocal data allowing the presence or indeed absence of aHUS to be confirmed. Therefore, the optimum strategy for monitoring complement activation and the evolution of aHUSparticularly in identifying ongoing subclinical TMA, which may not manifest with clinical symptoms-is not clear and remains a key question for the future.
When TMA occurs after discontinuation, restarting eculizumab and subsequent long-term use can prevent further TMA manifestations. Vilalta et al. report TMA manifesting 8 weeks after a single eculizumab dose; the patient then remained TMA event-free over a further 2.5 years of ongoing eculizumab treatment [39] . However, in one patient from a clinical trial, and the case of Mache et al. [35] , the restart of eculizumab could not prevent deterioration of renal function, TMA and subsequent ESRD. Aside from renal recovery, there are patients who benefit from resolution of debilitating extrarenal TMA manifestations such as cardiovascular or central nervous system involvement [1, 51] . An example is Case 3 (Table 1) , who despite continued dependence on dialysis remained free from acute presentation and gastrointestinal symptoms on long-term eculizumab treatment.
Discontinuing eculizumab therapy potentially puts patients at risk in two ways: firstly, the risk of progressive disease and new TMA and, secondly, the risk of not experiencing the reported clinical benefits of long-term therapy. A feature of the prospective trials was the improvement in renal function over a period of >2 years (C08-002A/B, C08-003A/B) [13] , and therefore, for many patients, continuous therapy may result in ongoing benefit.
In summary, on the basis of current evidence and clinical understanding, discontinuation of eculizumab may increase the risk of further clinical manifestations of TMA, which are unpredictable in severity and timing. It is not yet clear whether patients with or without identified genetic mutations are at higher risk of new TMA manifestations when eculizumab is discontinued. The current data are limited due to being based on published clinical cases and retrospective analysis of clinical trial data, as well as being constrained by the limited duration of follow-up reported. Observational studies such as the aHUS Registry and the aHUS LTFU study will be a key source of data for future analyses of outcomes for patients with aHUS. Additional efforts are underway to collect more clinical evidence through the EVIDENCE study (NCT02614898). The purpose of this study is to assess TMA manifestations in patients with aHUS whether or not treated with eculizumab. Until tools are available to provide more robust risk stratification and adequately monitor complement activation and disease activity, the option to discontinue eculizumab will not be an evidence-based decision. More comprehensive collection of data on discontinuation and its consequences will empower informed decision making by clinicians and patients. 
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